Despite their importance in iron redox cycles and bioenergy production, the underlying physiological, genetic, and biochemical mechanisms of extracellular electron transfer by Gram-positive bacteria remain insufficiently understood. In this work, we investigated respiration by Thermincola potens strain JR, a Grampositive isolate obtained from the anode surface of a microbial fuel cell, using insoluble electron acceptors. We found no evidence that soluble redox-active components were secreted into the surrounding medium on the basis of physiological experiments and cyclic voltammetry measurements. Confocal microscopy revealed highly stratified biofilms in which cells contacting the electrode surface were disproportionately viable relative to the rest of the biofilm. Furthermore, there was no correlation between biofilm thickness and power production, suggesting that cells in contact with the electrode were primarily responsible for current generation. These data, along with cryo-electron microscopy experiments, support contact-dependent electron transfer by T. potens strain JR from the cell membrane across the 37-nm cell envelope to the cell surface. Furthermore, we present physiological and genomic evidence that c-type cytochromes play a role in charge transfer across the Gram-positive bacterial cell envelope during metal reduction.
Despite their importance in iron redox cycles and bioenergy production, the underlying physiological, genetic, and biochemical mechanisms of extracellular electron transfer by Gram-positive bacteria remain insufficiently understood. In this work, we investigated respiration by Thermincola potens strain JR, a Grampositive isolate obtained from the anode surface of a microbial fuel cell, using insoluble electron acceptors. We found no evidence that soluble redox-active components were secreted into the surrounding medium on the basis of physiological experiments and cyclic voltammetry measurements. Confocal microscopy revealed highly stratified biofilms in which cells contacting the electrode surface were disproportionately viable relative to the rest of the biofilm. Furthermore, there was no correlation between biofilm thickness and power production, suggesting that cells in contact with the electrode were primarily responsible for current generation. These data, along with cryo-electron microscopy experiments, support contact-dependent electron transfer by T. potens strain JR from the cell membrane across the 37-nm cell envelope to the cell surface. Furthermore, we present physiological and genomic evidence that c-type cytochromes play a role in charge transfer across the Gram-positive bacterial cell envelope during metal reduction.
Microbial metal metabolism has significant medical, environmental, and industrial importance. Assimilatory Fe(III) reduction impacts pathogen physiology and virulence in phylogenetically diverse bacteria (6, 51) , while dissimilatory metal reduction is central to biogeochemical processes. Specifically, mesophilic dissimilatory metal reduction impacts the bioattenuation of various contaminants (12) , while reduction at elevated temperatures has been associated with the formation of corrosive products in heated delivery systems and organic carbon mineralization in deep petroleum reservoirs (54) . Additionally, the mechanisms involved in dissimilatory metal reduction are critical to power production in microbial fuel cells (MFCs) (32, 47) .
Fe(III) oxides and Mn(IV) oxides are insoluble at circumneutral pH and, like anodic electrodes, must be reduced extracellularly. As such, dissimilatory metal-reducing bacteria (DMRB) must complete the circuit between the respiratory electron transport chain located in the plasma membrane and the insoluble electron acceptor located outside the cell (58) . Despite the phylogenetic diversity of DMRB, knowledge of electron transfer mechanisms is largely confined to two model Gram-negative bacterial genera, Geobacter and Shewanella.
The extracellular electron transfer mechanisms utilized by these bacteria involve either contact-dependent or contactindependent strategies. Contact-dependent (direct) mechanisms transfer electrons via multiheme cytochrome c proteins (MHCs) (53, 58) or nanowires (22, 48) . In contrast, contactindependent mechanisms involve soluble redox-active mediators that shuttle electrons from the electron transport chain to the insoluble electron acceptor (23, 57) .
Compared to Gram-negative bacteria, Gram-positive bacteria lack an outer membrane, have a thicker cell wall (10 to 80 nm), and may be encased in a glycoprotein S layer. Due to these structural differences, direct electron transfer to insoluble electron acceptors was once considered incompatible with a Gram-positive bacterial envelope (45) . Here we present a study on the use of insoluble electron acceptors by a Grampositive bacterium, Thermincola potens strain JR. This bacterium was isolated from a current-producing anodic biofilm and in pure culture was demonstrated to respire 91% of the electrons in acetate to current (59) . Using electrochemical, physiological, and imaging methods, we confirm that T. potens participates in direct extracellular electron transfer. Furthermore, we present genomic evidence that c-type cytochromes are abundant in T. potens and physiological verification that c-type cytochromes are capable of charge transfer to extracellular electron acceptors. Taken together, our findings have broad implications for understanding the phylogenetic and metabolic diversity fundamental to environmental redox cycles, pathogenesis, and sustainable bioenergy applications.
MATERIALS AND METHODS
Phylogenetic analysis. Genomic DNA of strain JR was isolated from pure cultures using a PowerSoil kit (MoBio) according to the manufacturer's protocol, and the 16S rRNA gene was amplified as described previously (59) . Sequences were aligned with the MUSCLE (version 3.6) program (14) and analyzed with MrBayes (version 3.2) software (25, 50) using 4 chains until the standard deviation of the split frequencies was stabilized below 0.01, in this case, for 1,087,000 generations, with a sample frequency of 1,000. The first 25% of the samples were discarded for accurate estimation of the posterior probability distribution of the summary tree.
Geothrix fermentans (GenBank accession number U41563) and Acidobacteria capsulatum (GenBank accession number D26171) were selected as representative acidobacteria; Geobacter metallireducens strain GS-15 (GenBank accession number L07834) and Shewanella oneidensis strain MR-1 (GenBank accession number AF005251) were chosen as representative proteobacteria. The 16S rRNA GenBank accession number for Thermincola potens strain JR is GU815244. Accession numbers for additional Firmicutes used for the analysis were EU016427, EU016431, EU016410, EU016421, EU016442, EU016420, EU016424, EU016416, EU016422, EU016418, EU016409, EU016435, EU016425, EU016448, EU194832, EU194831, EU194830, EU638403, EU638851, EU638690, EU638872, EU638393, EU638902, EU638687, EU639376, EU638700, EU638698, EU638838, EU638794, EU638786, EU638783, EU638810, EU638644, AB159558, AB154390, AB232785, AB091323, X91169, AY631277, AY603000, EF542810, U76363, AJ621886, Y11575, DQ148942, AF516177, AJ276351, X61138, AJ575812, AB075768, and X81021.
MFC construction and operation. The MFC was constructed with two 50-mmdiameter glass chambers with three sample ports connected with a 30-mm pinch clamp assembly (Laboratory Glass Apparatus, Berkeley, CA). Chambers were separated with a cation-exchange membrane (Nafion 117). The electrodes were either graphite blocks or graphite carbon fiber. For graphite blocks, unpolished graphite 2.5 by 1.25 by 7.5 cm (G-10 Graphite Engineering and Sales, Greenville, MI) was connected with watertight threaded fittings (Impulse, San Diego, CA) to wires and sealed with conductive silver epoxy (Epoxy Technology, Billerica, MA). For graphite fiber electrodes, graphite fiber (G-10 Graphite Engineering and Sales, Greenville, MI) was trimmed into rectangles (2.5 by 7.5 cm). For both electrode versions, electrodes were connected to resistors (470 ⍀) through stoppers in the top of each chamber. Voltage (E cell or cell potential) was measured across a fixed external resistor (R ext ) and logged using Chart (version 4.0) software (ADInstruments, CA). With the exception of the medium-swap experiments, data were recorded every 10 min. Current (I) was calculated from measured voltages using Ohm's law (I ϭ E cell /R ext ). Maximum overall power was calculated as E cell 2 maximum/R ext . Coulombic efficiency, or the electrons in acetate that are recovered as current, was calculated in duplicate, and the mean value is reported. Additional images and details are included elsewhere (59) .
Prior to inoculation with strain JR, the chambers, electrodes, and all stoppers were autoclaved to ensure sterility. The anodic chamber was aseptically filled with 250 ml of presterilized, anoxic, 30 mM bicarbonate buffer (pH 6.8) amended with 10 mM acetate as the sole electron donor, while the cathodic chamber was aseptically filled with 250 ml of 30 mM Tris buffer (pH 6.8). The anode chamber was bubbled continuously with filtered (pore size, 0.22 m) N 2 -CO 2 (80:20, vol/vol) gas to ensure anoxic operation and maintenance of pH throughout operation, while the cathode chamber was bubbled continuously with filtered air (pore size, 0.22 m). Anode compartments were maintained at 60°C over the course of the experiments using heated water jackets surrounding the anode.
Microbiological methods. Unless otherwise noted, cultures were maintained at 60°C on 30 mM bicarbonate buffer (pH 6.8) freshwater medium with the N 2 -CO 2 (80:20, vol/vol) headspace amended with 10 mM acetate and 100 mM amorphous hydrous Fe(III) oxide (HFO) (33) . To evaluate the electrochemical activity of Thermincola potens strain JR, pure cultures were washed and inoculated into the MFC. Cells were grown anaerobically at 60°C in 1-liter volumes using acetate (10 mM) as the electron donor and anthraquinone-2,6-disulfonate (AQDS; 10 mM) as the electron acceptor, standard anoxic techniques, and basal bicarbonate medium. Bacterial cells were harvested upon reduction of AQDS by centrifugation under an anoxic atmosphere, washed once, and resuspended in 10 ml basal bicarbonate medium in an anaerobic glove bag. The cell suspension was anoxically and aseptically added to the anode compartment of MFCs.
Microscopy. For cryo-electron microscopy (cryo-EM) and cytochrome scans, cells grown in 1 liter medium containing AQDS and acetate (10 mM each) were centrifuged (8,000 ϫ g, 10 min) and resuspended in 1 ml piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES) buffer (pH 7.0) with N 2 headspace. Cryo-EM images were acquired at a ϫ20,000 magnification on a JEOL-3100 electron microscope with an underfocus value of 10 m. The microscope was equipped with an FEG electron source operating at 300 kV, an Omega energy filter, a Gatan 795 2,000-by 2,000-pixel charge-coupled-device camera, and a cryotransfer stage. The stage and sample were cooled to 80 K for the duration of data collection. Cells were placed onto lacey carbon grids (01881; Ted Pella) that were pretreated by glow discharge. The grids were blotted and plunged into liquid C 2 H 6 using a Vitrobot FEI automated vitrification device before being transferred and stored in liquid N 2 until imaged.
To visually examine strain JR biofilms using confocal laser scanning microscopy (CSLM), three separate portions (2 cm 2 ) located on spatially distinct regions of the carbon cloth anode were aseptically and anoxically removed from two separate current-producing MFCs. Anode portions were dipped in freshwater medium to remove debris loosely associated with the biofilm and were fluorescently stained with 1ϫ SYTO BC and 2 g/ml propidium iodide. Biofilm structures were immediately examined using an inverted LSM710 (Carl Zeiss, Inc.) microscope equipped with a ϫ63 magnification, 1.2-numerical-aperture water immersion lens. To ensure that the biofilm structure was not compressed, the sample was placed biofilm side down into a MatTek dish with a 1.5 coverslip bottom. Image stacks were acquired with the pinhole set to 1 Airy unit, allowing in 1.1 m of light in the z dimension. Images were acquired at every 0.55 m in the z dimension, in accordance with Nyquist sampling. Two-and three-dimensional images were obtained, and green-and red-stained cells were quantified using Imaris (version 6.2) software (Bitplane, AG).
Search for redox-active mediators. The role played by biofilm-independent processes was evaluated using a medium-replacement experiment. Here, the medium in the anode was removed daily (n ϭ 5; to minimize concerns of nutrient carryover, only the findings for the last 3 time points are reported) and the anode biofilm and chamber were rinsed with 30 mM bicarbonate buffer three times at each replacement. Chambers were refilled with anoxic sterile medium (10 mM acetate) lacking vitamins and minerals to remove any growth and putative redoxactive components. Current production was recorded every 10 s over the course of the experiment.
The accumulation of soluble mediators in the medium surrounding the anode was also evaluated using spent-medium experiments. Culture broth was obtained from duplicate current-producing anodes (operated for 8 weeks in batch format to concentrate secreted metabolites), centrifuged (8,000 ϫ g, 20 min) to remove cell debris, and made anoxic. Filters were not used to avoid losing organic molecules by adsorption. Conditioned medium was added (final concentration, 80%) to 100 mM HFO and 10 mM acetate-amended bicarbonate fresh water medium. Three conditioned medium-free controls were also run in parallel: 10 mM acetate, 100 mM HFO, and 10 m AQDS (positive control), no donor and 100 mM HFO (negative control), and 10 mM acetate and 100 mM HFO (spentmedium control). A 10% inoculum was used, with Fe(II) production monitored in triplicate for each treatment (33) .
Cyclic voltammetry (CV), using BASi's Epsilon potentiostat and C-3 cell stand (West Lafayette, IN), was performed on anode culture medium and rinsed biofilm samples (scan rate, 2 mV/s), with voltammograms for each included (see Fig. S1 in the supplemental material). Thirty milliliters anode medium was removed, and washed biofilms were collected (times of 0, 4, and 12 weeks from the time of current stabilization). Samples were kept anoxic in tinfoil-wrapped bottles at 60°C. The working electrode was a glassy carbon disk (diameter, 3.0 mm), the counterelectrode was a platinum wire, and the solutions were referenced with an aqueous Ag/AgCl electrode purchased from BASi. The working electrode was cleaned prior to use with polishing alumina (particle size, 0.05 m). Electrochemical cells were dried at 160°C and cooled to room temperature under a flow of N 2 . Aqueous samples (5 ml) were kept anoxic (N 2 ) during CV, with medium temperature and pH quantified immediately before and after each voltammogram to ensure measurement under biologically relevant conditions. As a positive control, CV was performed on cell-free samples spiked with stock solutions of riboflavin and AQDS (scan rates, 2, 100, and 1,000 mV/s). The increased scan rate was necessary for riboflavin samples to account for adsorbed redox species (35) .
Cytochrome c analysis. The presence, predicted protein length, presence of signal peptide/transmembrane, and homology of MHCs were confirmed by genome sequencing of T. potens strain JR (8) . Analysis using the BLASTP program was performed against the entire nr database on 2 November 2009 (1). Domain structures of the gene models were assembled by searching against the InterPro database (26). Transmembrane domains and signal peptides were identified using the web-based programs TMHMM (version 2.0) and SignalP (version 3.0), respectively (2, 27) . The c-type cytochrome complement of strain JR was identified with the aid of the HMMER (version 3.0b3) software package (13), using the doubled-heme-domain Pfam profile PF09699 (17) as the input profile.
To evaluate capacity for electron transfer to iron(III) oxides by c-type cyto- total protein in 30 mM phosphate buffer and titrated with small amounts of 0.5 M sodium dithionite until reduction of the c-type cytochromes was observed (1 to 3 l was required). Subsequently, aliquots of 0.15 M HFO were added (3 to 6 l), and the oxidation spectrum was rerecorded.
RESULTS AND DISCUSSION
Thermincola potens strain JR is phylogenetically and morphologically Gram positive. Strain JR is a Firmicutes belonging to the Peptococcaceae in the Clostridiales by 16S rRNA gene sequence analysis (1,228 nucleotides; Fig. 1A ). It shared 99% 16S rRNA gene sequence identity with T. carboxydophila and T. ferriacetica, the two previously characterized members of the Thermincola genus (55, 62) . Outside of cultured representatives, 16S rRNA gene sequence analyses from MFC anodes (operated at 55°C) inoculated with anaerobic digester sludge (59) or marine sediment (36) were dominated by sequences 93 to 99% similar to the rRNA gene sequence of strain JR. In addition, stable isotope probing and 16S rRNA gene clone library studies revealed the prevalence and activity of sequences related to strain JR (92% identity) in mesophilic benzene-oxidizing Fe(III)-reducing mesocosms (28) . Together, these results suggest a selective advantage for bacteria related to Thermincola in systems requiring external electron transfer.
Cryo-EM confirmed that strain JR was morphologically Gram positive with a 33-nm-thick bipartite envelope that includes a 16-nm low-density periplasm surrounded by a 17-nm high-density cell wall (Fig. 1B) . These results are consistent with those of previous studies of four mesophilic Gram-positive bacteria: Bacillus subtilis, Staphylococcus aureus, Enterococcus gallinarum, and Streptococcus gordonii (37) . This cellular architecture has important ramifications for extracellular electron transfer by strain JR.
Evidence for direct electron transfer. As a first method for detecting secreted redox-active components by strain JR, we assessed the contribution of anodic biofilm-independent processes to MFC current production. The spent culture broth surrounding the anode was removed and replaced with fresh acetate-amended medium. Previously, this method demonstrated that Shewanella oneidensis MR-1 and Geothrix fermentans produced soluble mediators, as described by a notable reduction in current (greater than 50%) and a lag (3 to 10 days) for current to return to original levels (5, 35) . In contrast, with strain JR current recovered after medium replacement to original levels within 29 Ϯ 15 min (n ϭ 3) (Fig. 2A) . Moreover, the rinsing and transfer of electrode biofilms to sterile anoxic MFCs had no impact on current production.
As an alternative method for detecting the presence of endogenous shuttling compounds, we supplemented HFO-reducing cultures with cell-free spent anodic culture broth. Similar experiments with Shewanella algae strain BRY, Geothrix fermentans, and Pyrobaculum aerophilum demonstrate that endogenous mediators accumulate in conditioned culture broth such that addition of spent medium minimizes the lag phase associated with HFO reduction, increasing the initial ferric iron reduction rate relative to that for a non-spent-medium control (16, 41, 42) . In strain JR, spent medium failed to stimulate the reduction of HFO (Fig. 2B) . In contrast, when cells were supplemented with an exogenous electron shuttle (AQDS, 10 M), initial HFO reduction occurred significantly faster than the rate for controls not amended with spent medium, indicating that strain JR could use soluble electron shuttles for transferring electrons onto iron hydroxides but that a soluble mediator does not accumulate in strain JR medium to a level physiologically detectable by the organism under these assay conditions.
For more sensitive detection of soluble redox-active mediators, we performed cyclic voltammetry (CV), previously used to characterize bacterial electron transfer mechanisms to electrodes (20, 24, 31, 35, 44, 46, 61) . No electrochemical differences were evident between the spent MFC culture broth and an uninoculated control, indicating that redox-active components either were not present or were present at levels below the limit of detection ( Fig. 2C; see Fig. S2 in the supplemental material). Likewise, CV performed on washed biofilms did not differ from that performed on sterile-medium controls. To determine the detection limits of the known redox-active mediators AQDS and riboflavin in this electrochemical system, we titrated these compounds into spent MFC culture medium prior to CV analysis (Fig. 2C) . Both compounds were detectable at the appropriate midpoint potential, with conservative detection limits (100 and 200 nM, respectively) being below those reported for endogenous mediators from Shewanella in current-producing anodes (35) .
The results from experiments presented here are in agreement with those for a Geobacter sp., a model organism for direct extracellular electron transfer, where medium exchange failed to impact current production (4), the addition of spent medium did not stimulate iron reduction (4, 9, 40) , and CV failed to detect soluble redox-active components (56) .
Lack of support for long-range electron transfer through anodic biofilms. CSLM with live-dead stain has previously been used to implicate long-range electron transfer by Geobacter sulfurreducens (19, 43, 49) . We used CSLM to monitor temporal changes in strain JR biofilm thickness and viability on an anode surface. Once stable power production was achieved (7 to 10 days), CSLM revealed a 2-m-high monolayer of 92% viable cells on the electrode surface (see Fig. S2 in the supplemental material). One month later, the electrode biofilm had grown 10-fold in height (22 m Ϯ 5 m, n ϭ 6), without a corresponding increase in current production ( Fig. 3 ; see also Fig. S2C in the supplemental material) . Quantified cell density and viability on the aged biofilm revealed a dense layer of viable cells in contact with the electrode surface, with the middle and top biofilm portions showing decreasing cell densities (Ϫ34% and Ϫ37%, respectively) and decreasing percentages of viable cells (Ϫ44% and Ϫ41%, respectively) of the biofilm relative to the cells on the anode surface (Fig. 3) .
The lack of correspondence between current production and biofilm height coupled to the decreased cell density and viability beyond the anode surface monolayer signifies that cells in contact with the electrode primarily contribute to current production. These results are opposed to the CSLM results obtained with G. sulfurreducens, where cells up to 50 m from the electrode surface remain equally dense and viable, with current production correlated to biofilm height. It was suggested that while Geobacter cells in intimate contact with the anode surface may rely on electron transfer via outer membrane c-type on October 15, 2017 by guest http://aem.asm.org/ cytochromes, nanowires were responsible for long-range transfer across the multilayer biofilm (43, 49) . Keeping with this interpretation, the confocal microscopy results presented here suggest that T. potens strain JR does not have similar machinery for long-range electron transfer through the anodic biofilm. Expression and metal reduction activity of c-type cytochromes. In direct extracellular electron transfer by S. oneidensis and G. sulfurreducens, MHCs located in the periplasm and outer membrane transport electrons generated from the inner membrane electron transport chain to the electron acceptor on the cell surface. The physiological significance of MHCs is evident in genomic data, with 23 and 69 MHCs annotated in S. oneidensis and G. sulfurreducens, respectively. Furthermore, the average numbers of predicted heme-binding motifs per MHC in genome-sequenced Shewanella and Geobacter species are 6.42 and 9.31, respectively, indicating their importance in charge transfer events (7, 38, 39, 43) .
Analogous to the c-type cytochrome repertoire in Gramnegative organisms, the genome of strain JR contains 35 putative MHCs with an average of 11.9 hemes per cytochrome. We used a spectrophotometric approach to confirm the expression and inferred function for c-type cytochromes in strain JR. Reduced spectra minus HFO-oxidized spectra of whole cells showed absorption peaks at 420, 526, and 552 nm, corresponding to the gamma, beta, and alpha bands of c-type cytochromes, respectively (Fig. 4) . The oxidation of c-type cytochromes by insoluble iron signifies that electrons from strain JR c-type cytochromes can be transferred to external electron acceptors in intact cells. 
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Direct extracellular electron transfer in Gram-positive bacteria. In addition to the work reported here, contact-dependent dissimilatory metal reduction has been identified in two Gram-positive DMRB. The inability of culture filtrate to augment HFO reduction was evidence that Thermoanaerobacter sp. strain BSB-33 fails to release extracellular redox mediators (3) . Likewise, CV demonstrated that Thermincola ferriacetica employs a direct mechanism of electron transfer to MFC anodes (34) . The shared mechanism of electron transfer to anodes between Thermincola spp. (Fig. 1A) is worth noting. Consistent with results obtained here, within the genus Geobacter, G. metallireducens and G. sulfurreducens both utilize a direct mechanism of extracellular electron transfer (4, 40) . On the other hand, different strategies for insoluble Fe(III) reduction within a single genus exist for both Pyrobaculum and Shewanella genera (10) .
T. potens strain JR is similar to Gram-negative DMRB capable of direct electron transfer in the number and heavy loading of heme motifs on MHCs; however, the relationship between MHCs and direct electron transfer has yet to be established in other Gram-positive DMRB. Diagnostic cytochrome spectra performed on two Gram-positive DMRB identified c-type cytochromes in Carboxydothermus ferrireducens (21) but not in Desulfitobacterium metallireducens (18) . Comparative genomics of 594 prokaryote genomes revealed that Carboxydothermus hydrogenoformans and Desulfitobacterium hafniense were the only Gram-positive DMRB to contain more than 10 MHCs, with 13 and 16, respectively (52) . However, the ability of these bacteria to transfer electrons extracellularly has not been characterized at a mechanistic level.
Future directions. A key challenge facing researchers investigating external electron transfer is elucidating the molecular details of the reduction process. Although contact-dependent and -independent mechanisms of reduction are often presented to be distinct from one another, the extent to which they are exclusive or overlap is unclear (30, 35) . Furthermore, it was also shown that Geobacter sulfurreducens uses a combination of direct mechanisms by aligning MHC proteins along pili to promote electron transfer to Fe(III) oxides (29) . In T. potens, there is the additional unique problem of conducting electrons across the 17-nm-thick cell wall. We propose three molecular models to rationalize contact-dependent electron transfer in strain JR (60): (i) conductive cell appendages (nanowires), (ii) conductive cell walls (15) , or (iii) a redox-active protein conduit linking the inner membrane to the cell surface.
Integrating MHCs into these models, we consider that in the conductive cell wall model, MHCs localized to the 16-nm-thick periplasmic space could function as terminal reductases. These MHCs would shuttle electrons from the plasma membrane to nonpeptide components of the cell wall, e.g., teichoic and teichuronic acids, which bind reversible metal ions or yet to be recognized components to convey electrons from the periplasmic MHCs to electron acceptors on the cell surface (15) . An alternative or, possibly, complementary hypothesis considers that the cell wall could be hardwired with cytochromes, as Gram-positive bacteria have several methods for covalently and noncovalently attaching proteins to the peptidoglycan layer (11) . Beyond the cell wall, the S layer is a protein matrix that could also be studded with MHCs and proteins that mediate attachment and electron transfer to insoluble electron acceptors.
With Thermincola potens JR as a model organism, we used a combination of physiological, electrochemical, and genomic observations to expand the knowledge of Gram-positive bacterial extracellular respiration. Our findings demonstrate that strain JR is capable of contact-dependent electron transfer to these electron acceptors, and while the molecular basis for this mechanism is presently not understood, implementation of additional technologies, such as biofilm CV, proteomics, and transcriptomics, will reveal how MHCs are functionally integrated into the physiology of strain JR. Ultimately, this research will elucidate the phylogenetic and physiological variation in bacterial electron transfer mechanisms and improve our understanding of the metabolism of Gram-positive bacteria with applications to pathogen physiology, bioremediation, and energy generation.
